CC14 intoxication of the liver affected the morphology and/or function of the lipoproteins, which drastically impaired their ability to act as transport vehicles for lipids from the liver to the circulation.
Introduction
Liver is the main target organ for CC14 toxicity. CCI4 reaches maximum concentrations (1 mg/g liver) in rat liver parenchyma within 2 h after its oral administration. The structure of the endoplas mic reticulum, plasma membrane, mitochondria and Golgi apparatus of the rat liver parenchymal cell was significantly altered after 1 h following adm inistration of a single dose of CC14 (review: Färber and Gerson, 1984 and references therein) . Clinical investigations point to a causal relation between CCl4-induced liver injury and long stand ing exposure to CC14.
CCI4 induces a wide variety of toxic events in the liver. The effect of CC14 begins with reductive dehalogenation by cytochrome P450, producing the trichloromethyl radical (CC13*; Me Cay et al. , 1984) . Covalent binding of such metabolites to proteins and lipids leads to changes in cell struc ture and function. By the same token the radical may bind to DNA, causing damage there with the ultim ate outcome of cancer, but these events are unrelated to fatty liver.
In the presence of oxygen the trichloromethyl radical becomes rapidly converted to a trichloromethylperoxy radical (CCI3OO*). When this radi cal abstracts a hydrogen atom from an unsaturated fatty acid, carbon-centered radicals are formed (Me Cay et al., 1984) which initiate a peroxidation chain and production of reactive aldehydes (Dianzani, 1984) , causing damage to lipids and, in conse quence, m em brane function. Vitamin E or other radical scavengers can interrupt propagation of the peroxidation process.
CCl4-induced steatosis (fatty liver) is not the re sult of one single event, but of a series of episodes. One im portant role is played by impaired transfer of triacylglycerols as V LD L from the liver to the circulation (Poli et al., 1979) , and another part is due to an imbalance between lipid synthesis and degradation (Boll et al., 2001) .
The attack of CC14 and/or its metabolites on triacylglycerol transfer can occur at a variety of stages: synthesis of apolipoproteins in the endo plasmic reticulum; along the secretory pathway, i.e., assembly of apoprotein moieties; coupling with lipids on the way to the Golgi apparatus; packaging of nascent V LD L particles into secre-tory vesicles; the intracellular movement of the particles to the plasma m embrane; and, finally, exocytosis of the lipoproteins.
In a previous study we described the character istics of CCl4-induced changes of de novo fatty acid synthesis and ß-oxidation (Boll et a l, 2001 ). The present communication deals with the changes induced by CC14 to the composition and secretion of lipoproteins in primary liver cells. Evi dence will be presented that synthesis of VLDL and H D L apoproteins is inhibited by CC14, thus representing a possible site of impairment of triacylglycerol movement. Covalent binding of radi cals from CC14 metabolism to cell components (protein, lipids) is the evident primary cause of liver damage; only after extended exposure times will lipid peroxidation contribute to CC14 toxicity (Poli et a l, 1990).
Materials and Methods
M ethods for the preparation of hepatocytes, for lipid analysis as well as general methods have been described (Boll et a l, 2001 ).
Incubations fo r lipoprotein secretion
Incubations of 8 ml, containing hepatocytes in a concentration of 5 x 106 cells/ml (Boll et al., 2001) were made. Incubation was with 100 jim CC14 in arginine-deficient Dulbecco's modified Eagle's medium (DM E), containing 25 m M glucose, 10 |ig/ ml insulin (to prom ote cell viability and adhesion), 1 |im dexamethasone, 0.1 mg/ml penicillin, 0.1 mg/ ml kanamycin, 10 m M HEPES, 7.8 m M N a H C 0 3, 0.4 m M L-ornithine and 10% lipoprotein-deficient serum, pH 7.4 (Melin et al., 1984) . Lipoprotein-deficient serum was prepared from fetal calf serum according to Goldstein et al. (1983) . Incubations with CC14 were perform ed as described (Boll et al., 2001 ). Cells initially cultured in H am 's F-12 medium (Boll et a l, 2001), were washed 3 times with DM E medium prior to incubation.
In labeling experiments cells were incubated with [l-14C]-acetate and/or l -[ 4 ,5 -3H (N)j-leucine and, after removal of the radioactive label by three washes (6 ml each) with DM E medium, were incu bated in label-free medium with CC14. For deter mination of the apoprotein composition cells were incubated with labeled leucine (see above) in the presence of CC14 and the washed label-free cells were used for apoprotein analysis (see below).
Isolation and analysis o f lipoproteins
Incubations were terminated by addition of icecold 0.9% NaCl (1 ml/2 ml medium) and after cen trifugation at 10,000 xg for 10 min to remove cells and debris VLDL and HDL were isolated from the cell-free supernatant by polyanionic precipita tion at neutral pH using sulfated polysaccharides or sodium phosphotungsstate (Burstein and Leg man, 1982) . This method yields selective precipita tion of apolipoprotein B-containing material, viz., VLDL and H D L (Assman, 1985) . Less than 5% of the total precipitated lipoproteins was LDL. Precipitates were essentially free of a-lipoproteins (Assman, 1985) and contained only traces of albu min. The efficiency of lipoprotein precipitation was about 88%.
Aliquots of the resulting VLDL and HD L pel lets of the polyanionic precipitation were dissolved in NCS tissue solubilizer and radioactivity in lipids (14C) and in protein (3H) was m easured by scintil lation counting. When indicated, lipids in lipopro teins were determ ined after solvent extraction via thin layer chromatography (for details see Boll et a l, 2001). Protein, if nonradioactive, was deter mined by the method of Lowry et al. (1951) , using bovine serum albumin as standard and 2% deoxycholate to solubilize lipids.
Identification o f apolipoproteins
VLDL and H D L fractions (see above) were dialyzed at 4 °C against 0.05% NaCl for 48 h and sub sequently freeze-dried. Apoproteins were sepa rated by SDS polyacrylamide gel electrophoresis with the modifications of Melin et al. (1984) to al low for a wider range of molecular weights. Gels were evaluated with an Ultrascan Laser Densi tom eter (LKB). Identification was based on co chromatography of protein standards and on pub lished data (Melin et al., 1984) . In experiments with labeled L-leucine radioactivity was d eter mined after solubilizing appropriate gel slices.
Statistics
The values are expressed as mean ± SEM. Sta tistical significance was determined by ANOVA, followed by the Tukey-Kramer multiple compari son test.
Reagents
Dulbecco's modified Eagle's medium (DM E) was obtained from ICN Biochemicals, Eschwege, Germany. [l-14C]-acetate (spec. act. 2.1 GBq/ mmol) and l-[4,5-3H(N)] -leucine (spec. act. 1.84 TBq/mmol) were from NEN Life Sciences Pro ducts, Cologne, Germany. NCS tissue solubilizer and H EPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) were from Sigma, Deisenho fen, G erm any and CC14 was a product of E. Merck, D arm stadt, Germany. All reagents were of analytical grade.
Results and Discussion

Effect o f CCl4 on V L D L and H D L secretion
Secretion of VLDL and H D L into the medium could be detected as early as 1 0 min into the incu bation of hepatocytes prelabeled with [l-14C]-acetate ( Fig. 1) . 100 ^im CC14 caused persistent inhibi tion of V LD L secretion, resulting in an 85% reduction after 3 h (panel A, curve 2). HD L secre tion was less affected, only about 40% after 3 h (panel B, curve 2).
The effect was concentration-dependent ( Fig. 2 ). Hepatocytes were prelabeled with [1-14C]-acetate and L-[4,5-3H(N)]-leucine to show the ef fect of CCI4 metabolites on lipid as well as on pro tein secretion. Export of VLDL-associated lipid was almost completely inhibited by CC14 concen trations of 100 [im and above ( Fig. 2A , curve 1), while secretion of the protein portion was less af fected (about 50%; curve 2). H D L lipoproteins re sponded qualitatively in a similar fashion, but with a less pronounced inhibition, viz., about 50% and 40% for lipid and protein, respectively (Fig. 2,  panel B ). Since the experiment did not exceed a CCI4 concentration of 500 (im it cannot be decided w hether higher toxicant exposure would have re sulted in a similar extent of inhibition of HDLassociated lipid secretion as was observed with VLDL. The concentrations of CC14 used to study the different toxic effects in hepatocytes were in the range 100-500 |i m . Divald et al. (1990) , deter mining protein-and phospholipid synthesis as a measure of functional integrity, reported that the Inhibition of lipoprotein-associated lipid export in CCl4-intoxicated liver has been observed both in vivo (Barisione et al., 1993) and in vitro (Hebbachi and Gibbons, 1999) . The reasons for this event are not entirely clear. Barisione et al. (1993) surmised that lipid peroxidation was the funda mental mechanism of impairm ent of lipoprotein secretion. Certain aldehydes formed during perox idation have been shown to achieve this effect (Poli et al., 1989) but Dianzani (1984) pointed out that this occurs only at extremely high levels of CC14 exposure. Poli et al. (1990) , taking a close look at the time course of events in CC14 intoxica tion, found that CC14 intoxication can be separated into at least two phases, an early one, lasting about one hour, where covalent binding of the CHC13* radical predom inated, blocking lipid secretion, and a late one where lipid peroxidation prevailed. It remains to be seen whether covalent binding mainly affects lipids, apoproteins, or other com po nents of the transfer system, e.g., the rate-limiting microsomal triglyceride transfer protein (MTP; cf. Hebbachi and Gibbons, 1999 HDL-associated lipids studied by thin layer chro matography, viz., triglycerides, phospholipids, cho lesterol and cholesterol esters, were continuously secreted into the medium during a 20 h incubation (Table I ). CC14 had essentially no effect on the secretion of cholesterol via VLD L or H D L (Ta ble I, B and F), but markedly inhibited the secre tion of triglycerides (A and E) and cholesterol es ters (C and G). The effect on phospholipids was opposite: 100 CC14 increased the secretion of VLDL-associated phospholipids by about onehalf after 20 h and more than doubled it in the case of H D L (D and H). Identical results were obtained when the cells had been prelabeled with 14C-acetate and radioactivity in secreted V LD L and H D L lipids was determ ined (not shown).
A striking difference in the kinetics of the secre tion of VLDL and H D L lipids emerges from Table I : secretion rate of lipids associated with HD L increased significantly between 12 h and 20 h of incubation (E-H), whereas the steep increase was not seen with the secretion of VLDL-associated lipids (A-D). Since the syntheses of V LD L and H D L are differently regulated (M oore and Ovtracht, 1981), a toxicant like CC14 can affect one pathway more than the other.
The reduced export of triglycerides from CC14-treated hepatocytes is the prim ary cause of fatty liver. As explained above this may be brought forth by changes to the system that assembles and/ or exports lipoproteins. Pronzato et al. (1989) sug gest that the disturbance occurred at an early stage, viz., glycosylation of apoproteins in the Golgi apparatus. The lipid peroxidation-induced damage to glycosylation might even be the cause of the CCl4-related general inhibition of protein synthesis.
The differential effect of CC14 on the various lipid classes needs further discussion. There are several ways to view the problem. First, a decrease in availability of one or m ore proteins, be they apoproteins or components of the assembly sys tem, should result in a general decrease of lipid export. Yet it was found here that CC14 intoxica tion affected the four lipid portions in secreted lipoproteins in different ways (Table I ). An increase in the cholesterol/phospholipid ratio in li poproteins was shown before to result from CC14 exposure (Solis-Herruzo et al., 1993) . This was confirmed in the present investigation: the choles terol/phospholipid ratio increased from 0.39 (2 d CC14 exposure) to 0.51 (4 d) and to 0.76 (6 d). Phospholipids are more susceptible to CCl4-induced lipid peroxidation than other lipid classes, a fact that has pronounced effects on m em brane structure (Morrow et al., 1992) and thus may influ ence lipid movement across the hepatocyte plasma membrane. During normal lipoprotein metabolism phospholipids are extensively converted into tri glycerides (Wiggins and Gibbons, 1996) , and there is a possibility that the CCl4-induced inhibition of lipoprotein-associated triglyceride export may be the cause of the shift to increased phospholipid ex port.
Second, at moderate doses of CC14, as used here, inflammatory responses result which include release of inflammatory cytokines such as tum or necrosis factor (TN F)-a (Czaja et al., 1995) . TNFa was shown to inhibit lecithin: cholesteryl acyltransferase (LCAT), an enzyme that plays a key role in lipoprotein metabolism (Ly et al., 1995) , and thus might be partly responsible for the present observations.
E ffect o f CCl4 on apolipoprotein secretion and de novo synthesis
Lipoproteins contain several apoproteins of dif ferent chemical composition (see below). The ef fect of CC14 on the secretion of the whole of the protein portions of the lipoproteins is shown in Table II A. 100 ^im CC14 induced a significant decrease in the secretion of apoproteins of both VLDL and HDL, but to different extents: the secretion of VLDL apoprotein after 20 h was re duced 30%, while that of H D L apoprotein was re duced more than 70%.
For a study of apoprotein synthesis hepatocytes were incubated with l-[4,5-3H (N)]-leucine. A fter removal of non-bound label the cells were exposed to CC14 and the appearance of 3H-labeled apo proteins of VLDL and H D L in the medium was followed (Table IIB ) . 100 CC14 attenuated the synthesis of VLDL apoprotein by 60%, and that of H D L apoprotein by about 25% after 3 h incu bation.
Inhibition by CC14 of apolipoprotein synthesis was also observed in vivo (e.g., Honm a and Suda, 1997), but a possible mechanism of action has not been proposed. A disturbance of the cellular Table II transport system involving the microtubuli ap pears conceivable. The composition of VLDL secreted into the medium from untreated hepato cytes was identical to that of intracellular lipopro teins secreted from the Golgi apparatus (unpub lished data) and it could well be that the changes caused by CC14 originate during the biosynthesis and packing of VLDL components within the cell, or the export from the cell.
E ffect o f CCl4 on the apoprotein com position o f the secreted lipoproteins
CC14 intoxication, in addition to its effect on the lipid portions of the hepatocyte (see Table I ), also caused changes in the apoprotein composition of VLDL and HDL. Primary hepatocytes continu ously secreted apolipoproteins B48, B 100, E, C and A-I into the incubation medium, as shown by 3H- leucine prelabeling of proteins (Table III, controls at 4 and 20 h). Exposure to 100 CC14 within 4 h reduced the incorporation of label into individual apoproteins of VLDL 2 0-35% with the exception of B48 where incorporation was not reduced (Ta ble III). A fter 20 h incubation with CC14 incorpo ration of labeled leucine was reduced, most signifi cantly in apo-B 100 (minus 62%), but increased 28% in apo-E. On the other hand in H D L apo proteins CC14 had a more uniform action, signifi cantly reducing incorporation of label into all apo proteins after 4 h. Here the effect by CC14 was more intense than in V LD L apoproteins (Ta ble III). The extent of reduction of incorporation after 20 h of exposure was between 45% (apo-E) and more than 80% (apo-A-I). With the exception of apo-E there had been an increase in effect of CC14 in H D L apoproteins between 4 and 20 hr.
The effect of CC14 on the synthesis of apolipo proteins varied between the four groups studied (apo-A, B, C and E). This points to differences in the regulation of their expression. Indeed Panduro et al. (1990) have shown that induction of liver cir rhosis revealed differences in the expression of apo-A and apo-E which they discussed in terms of apo-A synthesis being regulated at the post-transcriptional level, whereas apo-E synthesis is mostly regulated at the transcriptional level. The exact mechanism of attack, however, has not been eluci dated.
There is a constant num ber of apo-B 10o m ole cules per VLDL particle (Redgrave and Carlson, 1979) . CC14 exposure for 20 h reduced apo-B 100 by about 60%, and triglyceride secretion by 75% (Table I) , suggesting a decrease in the size of secreted lipoprotein particles. As m entioned above a CCl4-induced change in MTP availability could explain this effect, as MTP is the rate-limiting factor in the assembly and secretion of apo-Bcontaining lipoproteins (Jamil et al., 1998) .
In summary, it is evident that due to either lipid peroxidation or covalent binding of haloalkyl radi cals in CCl4-intoxicated cells the lipoproteins ap parently acquire an irregular chemical composi- tion and shape and, therefore, their ability to act as lipid transporters (packing) is impaired. The CCl4-induced disturbance of lipoprotein secretion and alterations in their composition cannot be ex plained by the general inhibition of protein syn thesis observed following CC14 intoxication. Dif ferential effects on both the compositions of the lipid and the apoprotein portions, and the fact that their syntheses are regulated differently, suggest that the attack occurs at specific, as yet uniden tified sites. The work of Dianzani (1984) indicates that the attack on lipoprotein secretion occurs early during CC14 toxicity, viz., covalent binding of the CCI3* radical to cellular components, and that the subsequent lipid peroxidation-related damage may kill the cell, but does not contribute to steatosis.
